AIM: Experimental studies suggest that free radicals are involved in acid and pepsin-induced damage of esophageal mucosa. The profile and balance between free radicals and antioxidant systems in human esophagitis are unknown.
INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION INTRODUCTION
Gastroesophageal reflux disease (GERD) is one of the most important and frequent gastrointestinal disorders of the Western world, and may lead to esophageal cancer [1] . Although reflux of gastric acid into the esophagus is an important pathogenic factor in the development of esophagitis and Barrett's esophagus, the severity of reflux esophagitis cannot be predicted only on the basis of acid exposure, which suggests that other factors are involved. Recent studies have shown that oxygen free radicals are involved in esophageal mucosal damage from reflux esophagitis in both experimental animal models and humans [2] [3] [4] [5] [6] [7] [8] [9] . Reactive oxygen species (ROS) are highly reactive molecules produced during many normal biological processes. However, their synthesis is markedly increased as part of the inflammatory response, and can cause oxidative injury to cells by damaging DNA, proteins and cell membranes. Under normal conditions cells are protected by antioxidant defense systems from the toxic effects of ROS during cellular metabolism. Thus, when oxidative stress arises as a consequence of a pathological event, a defense system promotes the regulation and expression of enzyme antioxidants [10] such as superoxide dismutase (SOD), catalase and glutathione peroxidase, which constitute the principal cellular defense mechanisms against ROS.
In the esophagus, the generation of the superoxide anion as the main free radical implicated in the mucosal damage has been well established in different experimental models of acute and chronic esophagitis [2, 4] . In human studies, a positive association between mucosal free radicals levels and the grade of esophagitis has been described [7, 8] . However, it must be noted that the efficiency of endogenous antioxidant defense mechanism may be of critical importance in protecting against the development of esophageal mucosal injury, and although administration of various free radical scavengers has been found to prevent esophageal mucosal damage in animals [2, 6] , studies on the expression, activity and relevance of endogenous enzymatic antioxidant systems in the human esophageal mucosal defense are very limited [8, 9] . Therefore, the aim of this study was to evaluate the profile and balance between free radicals and antioxidant systems in the spectrum of lesions associated with gastroesophageal reflux diseases, including esophagitis and Barrett's esophagus, which we regard as the first step in order to identify future therapeutic targets.
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Materials
All reagents used were purchased from Sigma Chemical Co. (St. Louis, MO) except liquid scintillation counting medium, which was purchased from Packard (Groningen, The Netherlands).
Patients
Three to five distal esophageal biopsies were taken from 3 cm above the gastroesophageal junction from consecutive patients attending the Endoscopy Unit of the Service of Digestive Diseases of the University Hospital of Zaragoza (Video Endoscope Olympus Exera). The study protocol was approved by the Institutional Review Board Committee of the University Hospital of Zaragoza and written informed consent was obtained from all patients. Patients were stratified in four groups. Group 1 (control patients): subjects with no evidence of clinical symptoms of GERD or endoscopic esophagitis who underwent upper gastrointestinal endoscopy as part of clinical evaluation for different conditions such as abdominal pain, anemia, etc. Group 2 (GERD symptoms): patients with clinical symptoms of GERD, and/or erythema but no ulcerative lesions were included in this group. Symptoms were either heartburn or regurgitation. Group 3 (esophagitis): patients with esophagitis II-IV according to the Savary-Miller classification [11] . Symptoms were either heartburn or regurgitation or chest pain. Group 4 (Barrett's esophagus): patients with Barrett's esophagus (mucosal length 3 cm). The presence of both endoscopic and histological examination of the esophageal mucosa was required to establish the diagnosis of Barrett's esophagus [12] . In order to evaluate whether oxidative stress levels in Barrett's epithelium was specific and associated with gastroesophageal reflux or they were intrinsic to the columnar epithelium, additional duodenal biopsies were taken in patients with/without Barrett's esophagus.
Samples were immediately stored in Krebs-Ringer solution at 4 for determination of free radicals, in 10% formaldehyde for histological studies and in liquid nitrogen for Western blot analysis.
Measurement of superoxide anion
The presence of superoxide anion was evaluated by chemiluminescence according to a method described by Olyaee [7] with modifications. Biopsies were suspended in 3 mL of oxygenated Krebs-Ringer and then lucigenin (Nmethylacridinium nitrate) was added at a final concentration of 0.25 mmol/L and placed in the chemiluminescence spectrophotometer where light production was measured for 2 min (1900 TR, Packard Instruments Company, Meriden, CT). At this point, SOD (200 U/mL) was added to the incubation medium and chemiluminescence levels were measured again for 2 min. Data were expressed as counts per minute (cpm) per milligram of protein. Proteins were determined by a colorimetric assay similar to Lowry assay (Bio-Rad, Hercules, CA) [13] .
Measurement of SOD
Total SOD activity was measured according to a method previously described by Thomas et al. [14] . The assay is based on the inhibition of nitro blue tetrazolium (NBT) mediated by superoxide anion. Thus, esophageal biopsies were sonicated in Tris buffer (0.1 mol/L pH 8.1 at 4 ) and centrifuged at 12 000 g for 10 min at 4 . Afterwards, 200 µL of supernatant were incubated with 1.8 mL of buffer containing Na 2 CO 3 (0.05 mol/L), xanthine (10 -4 mol/L), EDTA (10 -4 mol/L), and NBT (2.5×10 -5 mol/L). Superoxide radical was generated by adding xanthine oxidase (200 U/L) to the reaction cuvettes and measurements were recorded at 560 nm (Shimadzu spectrophotometer, Tokyo, Japan). Results are expressed as units per milligram of protein.
Measurement of reduced glutathione
Reduced glutathione (GSH) concentration was determined according to the method described by Toth et al. [15] , with modifications. Samples were sonicated in 1 mL of phosphate buffered saline (PBS) and centrifuged at 12 000 g for 10 min at 4 . Ten percent metaphosphoric acid was added to 300 µL of supernatant and centrifuged. Afterwards, the supernatant was incubated with 75 µL of DNTB (5,5'-dithiobis-(2-nitrobenzoic acid)) and 0.3 mol/L Na 2 HPO 4 (600 µL). The change of absorbance was monitored at a wavelength of 412 nm. Results are expressed as micromole per milligram of protein.
Measurement of catalase
Catalase was determined according to the method described by Aebi [16] . Esophageal mucosal biopsies were sonicated in phosphate buffer (KH 2 PO 4 , 25 mmol/L) and centrifuged at 12 000 g for 10 min at 4 . One milliliter of hydrogen peroxide (10 mmol/L) was added to 300 µL of supernatant. Absorbance decrease was read at 240 nm for 1 min. Results are expressed as units per milligram of protein.
Immunohistochemistry
Formalin-fixed, paraffin-embedded tissue samples were sectioned and applied to slides. Slides were subsequently deparaffinized with xylene for 15 min, hydrated gradually in a graded series of ethanol (100%, 96%, 70%, twice for 3 min in each) and washed in deionized water. Then, slides were treated with a 0.3% H 2 O 2 -methanol solution for 30 min to quench endogenous peroxidase activity and incubated for 30 min in 1.5% normal blocking serum in PBS. Immunohistochemistry was performed using the ABC staining system. The sections were incubated with the primary antibody for 30 min at room temperature. The rabbit anti-nitrotyrosine polyclonal antibody (Chemicon International, Temecula, CA) was diluted 1:2 000 and the rabbit Cu,ZnSOD polyclonal antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was diluted 1:1 000. Slides were incubated with the secondary antibody for 30 min and then, washed with three changes of PBS for 5 min each. The chromogen used was 3,3'-diaminobenzidine tetrahydrochloride. Finally, the sections were washed in deionized H 2 O, counterstained with Harri's hematoxylin solution and dehydrated through ethanol (65% and 100%, twice each) and xylene (thrice). The intensity of immunohistochemistry staining was determined by semiquantitative analysis and was graded blinded according to the follo-wing scale: 0: absent, 1: weak, 2: moderate, and 3: intense.
Nitrotyrosine immunoprecipitation
Esophageal biopsies were sonicated in PBS containing 0.1 mmol/L phenylmethyl sulfonyl fluoride, 5 µg/mL aprotinin and 1 mmol/L sodium orthovanadate. Supernatants were collected and protein concentrations were determined using a protein assay based on the Bradford method (Protein Assay Dye Reagent, Bio Rad Laboratories, München, Germany). Solubilized proteins were precleared (3 h at room temperature) with 5 µL of protein Gagarose (Roche Applied Science, Mannheim, Germany). After a brief centrifugation, the supernatants were collected in order to determine Cu, ZnSOD and MnSOD expression and the presence of tyrosinenitrated MnSOD (22 µg/lane). In order to purify those proteins containing tyrosine-nitrated residues, we performed immunoprecipitation using a monoclonal anti-nitrotyrosine antibody. For this purpose, the supernatants were incubated (1 h at room temperature) with 10 µL of monoclonal antinitrotyrosine antibody conjugated to protein A agarose (Alexis Biochemicals, Lausen, Switzerland). After incubation, beads were collected by brief centrifugation, and the supernatant was carefully pipetted off. Then the beads were washed thrice with PBS. After the last wash, the beads were resuspended in 25 µL of 1× Laemmli sample buffer and boiled for 5 min. The sample was briefly centrifuged to pellet the beads, and the supernatants were immediately subjected to electrophoresis in 12% SDS polyacrylamide gel [17, 18] .
Western blot analysis
Western blot analysis of Cu,ZnSOD and MnSOD was performed. MnSOD was performed in both immunoprecipitated and non-immunoprecipitated tyrosine-nitrated protein fractions. After separation by SDS/PAGE, proteins were transferred electrophoretically (100 V, 1.5 h) to PDVF membranes (Bio Rad Laboratories, München, Germany), which were blocked (4 , overnight) with 5% blocking agent in 50 mmol/L Tris-HCl, pH 7.4/150 mmol/L NaCl/0.05% Tween 20 (TBST). For detection of MnSOD, blots were incubated (1 h, room temperature) with a rabbit polyclonal anti-MnSOD antibody (1:1 000 dilution) (Upstate, Charlottesville, VA, USA). For detection of Cu,ZnSOD, blots were incubated (1 h, room temperature) with a rabbit polyclonal anti-Cu,ZnSOD antibody (Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA). After incubation with primary antibodies, membranes were washed in TBS/T, then the immunocomplexed membranes were probed (1 h, room temperature) with 1:3 000 dilution of peroxidase-conjugated secondary antibody (Amersham Biosciences, Buckinghamshire, UK) in TBS with 0.1% of blocking agent. Probed membranes were washed in TBS/T and immunoreactive proteins were detected using enhanced chemiluminescence (ECL Western blotting analysis system, Amersham Biosciences).
Statistical analysis
Results from biochemical assays were expressed as the mean±SE. Values obtained from biopsies were compared between the groups by nonparametric methods using Kruskal-Wallis and Mann-Whitney tests. Descriptive statistics were used for immunohistochemical data, analyzing median, minimum, maximum and percentage. Significance between the intensity of immunohistochemistry staining and grade of esophagitis was analyzed using the Kruskal-Wallis test. A value of P<0.05 was considered statistically significant. Determination of reactive oxygen species ROS were significantly increased in mucosal biopsy specimens obtained from patients with erosive esophagitis (grade II-IV) and Barrett's esophagus. Duodenal biopsies showed similar ROS levels than esophageal biopsies of control patients (Figure 1 ). The addition of exogenous SOD inhibited chemiluminescence in all groups, indicating that the increase in mucosal reactive species was due to the presence of superoxide anion (data not shown).
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Determination of reactive nitrogen species
Peroxynitrite generation in the esophageal mucosa was investigated by measuring nitrotyrosine formation in esophageal biopsies by immunohistochemistry. Nitrotyrosine was detected in both the squamous and Barrett's epithelium. Nitrotyrosine staining was intense in Barrett's biopsies, weaker in esophagitis and absent/weak in normal esophageal mucosa ( Figure 2 and Table 2 ). Determination of antioxidant status SOD activity showed a significant decrease in both biopsies taken from patients with erosive esophagitis and Barrett's esophagus when compared to normal esophageal epithelium. The lowest SOD activity was found in biopsies with erosive esophagitis. SOD activity was significantly lower in duodenal mucosa than in normal esophagus samples ( Figure 3A) . GSH levels increased with esophageal mucosal damage. Significant differences were found between patients with gastroesophageal reflux as compared to normal esophagus. In duodenal mucosal specimens, values were comparable to those of Barrett's epithelium, which were significantly higher than in normal esophageal mucosa ( Figure 3B ).
Catalase activity was significantly higher in patients with erosive esophagitis and Barrett's esophagus compared to normal squamous epithelium. Duodenal mucosa also had higher values of catalase activity than the squamous epithelium ( Figure 3C ).
SOD expression
To investigate the mechanisms leading to a decrease of total SOD activity in damaged esophageal mucosa, MnSOD and Cu,ZnSOD protein expression were evaluated by immunohistochemistry and/or Western blot analysis. Furthermore, nitration of MnSOD was evaluated by Western blot. By immunohistochemistry, semiquantitative evaluation revealed that Cu,ZnSOD was present in control subjects and patients with esophagitis and Barrett's esophagus, but its expression increased according to the severity of lesion, reaching the highest level in mucosal specimens from patients with Barrett's esophagus (Table 3 and Figure 4 ). In addition, Western blot analysis of Cu,ZnSOD expression in esophageal biopsies ( Figure 5A ) demonstrated an increase of Cu,ZnSOD expression in Barrett's esophagus biopsies (lanes 3-5) compared to control subjects (lanes 1 and 2) and patients with esophagitis (lanes 6 and 7). The expression of MnSOD protein was examined by Western blot. Protein extracts from biopsies were immunoblotted with a polyclonal antibody anti-MnSOD. A band at 24 ku corresponding to monomeric MnSOD was observed in all groups evaluated. Increased staining for MnSOD was observed in Barrett's esophagus and esophagitis compared to control patients ( Figure 5B ). Because MnSOD is a sensitive target of tyrosine nitration, anti-MnSOD Western analysis of nitrotyrosine immunoprecipitates was performed. Immunoblotting of nitrated protein and subsequent incubation with anti-MnSOD is present in all groups evaluated; however, the amount of nitrated protein increases in patients with esophagitis and Barrett's esophagus compared to normal subjects ( Figure 5C ). 
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Oxidative stress is defined as an imbalance between oxidant production and the antioxidant capacity of the cell to prevent oxidative damage [19] . In the present study we have shown that esophageal mucosal damage in patients with GERD is associated with increased oxidative stress characterized by enhanced superoxide anion and peroxynitrite generation, which is accompanied by a clear pattern of antioxidant activity characterized by a profound decrease in SOD activity and an increase in GSH content and catalase activity.
In our work, we found that the main oxidant product in reflux esophagitis was superoxide anion. There was also a positive correlation between the degree of mucosal damage and levels of superoxide anion, reaching the highest values in patients with erosive esophagitis and Barrett's esophagus. Generation of the superoxide anion as the main free radical involved in mucosal damage had been established in different experimental models of acute and chronic esophagitis [2, 3, 5] . The involvement of free radicals in human esophagitis has been less explored. Olyaee [7] and Westcher [8] , who measured mucosal ROS concentrations by LCEL (luminol enhanced concentrations), found increased mucosal production of chemiluminescence levels in patients with esophagitis and Barrett's esophagus. Superoxide anion, although directly promoting inflammation, also has other interactions that might perpetuate the inflammatory process. The superoxide anion can be scavenged by nitric oxide (NO) and to form the powerful oxidant peroxynitrite anion (ONOO¯), which would amplify the inflammatory process. Then, under pathological conditions, NO competes with endogenous SOD for superoxide anion [20] . Therefore, the next logical step in this study was to determine the presence of peroxynitrite in esophageal mucosa. This study has shown that peroxynitrite anion is formed in esophageal mucosa and that this radical seems to be particularly involved in the pathogenesis of Barrett's esophagus. Although this aspect had not been examined in humans, these findings agree with those reported in an experimental model of esophagitis where peroxynitrite formation is a common event in the presence of excess of superoxide anion radicals [3] . Furthermore, in a rat model for esophageal adenocarcinoma associated with Barrett's esophagus, positive nitrotyrosine staining was found, suggesting that peroxynitrite generation may contribute to the progression of esophageal cancer [21] . In conclusion, both ROS and reactive nitrogen species play a significant role in reflux esophagitis and Barrett's esophagus.
When oxidative stress occurs, a defense system promotes the regulation and expression of several antioxidant enzymes such as SOD, catalase and glutathione peroxidase. In humans, there are three forms of SOD: cytosolic Cu,ZnSOD, mitochondrial MnSOD, and extracellular SOD (ECSOD). It is well known that oxidative stress increases SOD expression [22] . In our study, Cu,ZnSOD and MnSOD were present in both control patients and patients with esophagitis or Barrett's esophagus and its expression increased according to the severity of lesion, reaching the highest level in Barrett's esophagus.
However, although an increase in SOD expression was observed, the activity of the total SOD was found to be dramatically decreased in esophagitis and Barrett's esophagus compared to normal esophageal epithelium. In experimental esophagitis, superoxide anion was involved in the induction of esophagitis and SOD activity levels were negligible where mucosal damage was severe [3] . On the other hand, in the low- 
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grade model, where superoxide anion was not a key factor, no differences in endogenous SOD activity were observed [4] . In human esophagitis, Wetscher et al. [8] , showed that SOD decreased with the severity of esophagitis, although in patients with Barrett's esophagus and mild associated esophagitis high levels of esophageal mucosal SOD were found. In clear contrast with those findings, Sihvo et al. [9] , found no differences in SOD activity in patients with esophagitis and Barrett's esophagus when compared to control patients (normal esophagus).
In our study, we found discrepancy between the increased expression for Cu,ZnSOD or MnSOD and the reduced activity levels (total SOD), which could be attributable to endogenous inhibitors of the SOD enzymes. It is known that peroxynitrites are potent oxidants and nitrating agents that cause depletion of cellular antioxidant defenses and inactivation of enzymes (by nitration of tyrosine residues) that may adversely affect their function [23] . Human MnSOD contains nine tyrosine residues [24] . Tyr34, which is present in the active site, appeared to be the most susceptible aminoacid to peroxynitrite-mediated nitration [24, 25] . In this study, incubation of nitrotyrosine immunoprecipitates with a polyclonal antibody against MnSOD revealed that nitrated MnSOD was present and that its expression increased in patients with esophagitis compared to control patients. The nitration of MnSOD can partially contribute to a loss of enzymatic activity, since it has been described that both nitration and oxidation of critical tyrosine residues of MnSOD are required for complete inactivation of the enzyme [26] . Although human Cu,ZnSOD has no tyrosine residues in its amino acid sequence, it is probable that other amino acids (such as cysteine, tryptophan) in these enzymes are subject to modification by peroxynitrites [24, 27] . The reaction of human Cu,ZnSOD with peroxynitrite may cause partial inactivation of the enzyme activity by nitration and/or oxidation of the single tryptophan 32 [28] . Other sources of enzymatic inactivation may also not be excluded since SOD inactivation by hydrogen peroxide [29] and by peroxyl radicals [30] has been described. Therefore, the net effect of reduced activity of SOD is the increase of superoxide anion concentration in the cytosol and the toxic potential of superoxide-derived oxygen radicals such as peroxynitrite, aggravating esophageal damage. In addition, we have found that this process is accompanied by additional changes in the antioxidant system which may be regarded as an adaptive response to mucosal damage in an effort to neutralize the oxidative load and it is characterized by an increase of GSH levels and catalase activity. In this study, mucosal GSH levels increased in patients with esophagitis, but they were not in the mucosa of Barrett's esophagus. Studies regarding the role of endogenous GSH in reflux esophagitis are contradictory. Wetscher [6] and Katada [31] found an increase of esophageal tissue GSH levels in a model of acute damage in rats, whereas inhibition of esophageal damage decreased the production of GSH. These authors suggest that the increase of GSH production is a marker of prolonged oxidative stress. However, Lee et al. [32] , observed depletions of reduced glutathione in experimentally induced reflux esophagitis. In contrast to our findings in humans, it has been reported that GSH content was lower both in Barrett's esophagus and esophagitis when compared to patients without symptoms or endoscopic evidence of esophageal damage [9] and when compared to normal adjacent squamous epithelium [33, 34] . The GSH-dependent system is a scavenger of great importance, since it acts at different levels of the antioxidant defense system: it is a scavenger for hydrogen peroxide, peroxides and superoxide anion and it also helps to maintain the sulfhydryl groups of proteins in the reduced form for their normal function [35] . Furthermore, GSH is a substrate for the antioxidant enzyme glutathione peroxidase, which has activity as peroxynitrite reductase and therefore GSH can scavenge peroxynitrite with the formation of oxidized glutathione which is converted back to GSH. The increase of GSH content in esophageal inflammation, which was found in our study, may represent an adaptive response both to the oxidant stress in order to neutralize the oxidative load (superoxide anion and peroxynitrites), and to protect against peroxynitrite-mediated protein oxidation. The absence of increase of GSH levels in the mucosa of Barrett's esophagus may be a consequence of the presence of the metaplastic epithelium which shows higher SOD activity and/or loss of that particular adaptive response over time.
Although other free radicals such as hydrogen peroxide have not been investigated in the present study, we cannot exclude a potential role in the pathogenesis of esophageal oxidative damage [2] . Experimental studies carried out in a model of acute esophagitis in rabbits showed that hydrogen peroxide generation was not detected in mucosal cells isolated after mucosal damage. In addition, the exogenous administration of catalase, a hydrogen peroxide scavenger, showed a trend to improvement, but it was much less effective than SOD in preventing or reducing the mucosal damage. In this work, the highest values of catalase activity were found in duodenal mucosa. However, as compared to normal esophagus, catalase activity is increased in esophagitis and Barrett's esophagus and might play a role in the acquisition of tolerance to oxidative stress in an adaptive response of cells [10] . In conclusion, a decrease in SOD antioxidant activity may contribute to the development of esophageal damage and Barrett's esophagus in GERD patients, leading to an increase of mucosal generation of superoxide anion and peroxynitrite radicals and the subsequent cell damage. Glutathione levels and catalase activity increase in response to this oxidative overload. We propose that administration of SOD may be a therapeutic target in the treatment of reflux esophagitis and complications as Barrett's esophagus.
